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I n t r o d u c t i o n  
T h i s  P rogres s  Report summarizes t h e  work done from 15 September 1966 t o  
15 March 1967 i n  t h e  area of Space Communications. 
The problems considered du r ing  t h i s  per iod were: 
I. Optimal Recept ion of FM S i g n a l s  Using the  Maximum Likel ihood 
E s t  ima t  o r  
11. Threshold Extension Devices 
A .  The Phase Locked Loop 
1. A Solu t ion  Using t h e  Spike Approach 
2. A Solu t ion  of t h e  Fokker Planck Equation 
B. The Frequency Locked Loop 
C. M u l t i p l e  Threshold Spike De tec t ion  and E l imina t ion  
Systems 
111. Detec t ion  of S igna l s  i n  Noise Using Recursive Techniques 
IV. Channel Simulat ion Experiments 
V. Synchronizat ion Techniques 
The r e s e a r c h  performed i n  t h e  above areas are summarized i n  t h e  fol lowing 
r e p o r t s .  More comprehensive material w i l l  be presented i n  t h e  f i n a l  r e p o r t  
and i s  a v a i l a b l e  i n  t h e  publ ished l i t e r a t u r e  ( see  "Published Papers"). 
2. 
I. O p t i m a l  Reception of FM S igna l s  Using t h e  Maximum Likelihood Est imator  
The Maximum Likelihood Est imator  (MLE) has been d i scussed  s i n c e  1954. 
Although block diagram c o n f i g u r a t i o n s  have been de r ived  f o r  t h i s  d e v i c e ,  no 
computer technique f o r  s o l v i n g  the MLE equa t ion  under a l l  c o n d i t i o n s  of mod- 
u l a t i o n  index and CNR w a s  a v a i l a b l e .  Thus, a l though t h e  MLE w a s  known t o  be 
optimum, i t s  t h r e s h o l d  ex tens ion  c a p a b i l i t y  was unknown. 
I n  t h i s  s tudy  a s o l u t i o n  f o r  t h e  MLE equa t ion  developed by Youla") and 
Lawton(2) w a s  obtained u s i n g  a n  i t e r a t i o n  technique.  
e lementary,  procedure developed by V a n T r e e ~ ' ~ )  f o r  i t e r a t i n g  t h i s  equa t ion  
w a s  t e s t e d ,  b u t  f a i l e d  t o  converge i n  many p r a c t i c a l ,  as w e l l  as t h e o r e t i c a l ,  
cases of i n t e r e s t .  
A similar ,  a l though more 
The new technique c o n s i s t s  of g e n e r a t i n g  a sequence of t e s t  s o l u t i o n s  
by v a r y i n g  a parameter,  e , i n  the fo l lowing  equa t ion :  
Test S o l u t i o n  = Old Test  S o l u t i o n  + E S o l u t i o n  e r r o r  due t o  t h e  
O l d  Test  S o l u t i o n  
The s o l u t i o n  e r r o r  i s  de f ined  as t h e  e r r o r  produced when s u b s t i t u t i n g  t h e  o ld  
t es t  s o l u t i o n  i n  t h e  M U  equat ion.  For each va lue  of E s e l e c t e d ,  t h e  l i k e l i -  
hood f u n c t i o n  of t h e  a s s o c i a t e d  tes t  s o l u t i o n  i s  e v a l u a t e d ;  t h e  t es t  s o l u t i o n  
f o r  which t h e  l i k e l i h o o d  f u n c t i o n  i s  a maximum r e p l a c e s  t h e  old t e s t  s o l u t i o n .  
The i n t e g r a l  of t h e  a b s o l u t e  value of t h e  s o l u t i o n  e r r o r  over a l l  t i m e  ( c a l l e d  
t h e  t o t a l  s o l u t i o n  e r r o r )  i s  evaluated and t h e  p rocess  i s  r epea ted .  When t h e  
t o t a l  s o l u t i o n  e r r o r  goes below some p r e s e t  va lve ,  t h e  p rocess  s tops .  The 
last t e s t  s o l u t i o n  i s  then  an approximate s o l u t i o n  t o  t h e  ML equa t ion .  
F igu re  1 shows a p l o t  of output SNR ver sus  inpu t  CNR of t h e  Maximum 
Likel ihood Es t ima to r .  The spectrum of t h e  modulation w a s  assumed t o  have t h e  
form 
should be noted t h a t  t h e  ou tpu t  SNR has t h e  form 
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3 .  
f o r  t h i s  type spectrum. ( I f  the spectrum were r e c t a n g u l a r  then S N R  = 3/ 3 CNR,  
which i s  t h e  u s u a l l y  assumed FM equat ion) .  
It i s  seen from t h e  computer s o l u t i o n  shown thar  th re sho ld  sccu r s  s m e -  
where between -3db and Odb. A more p r e c i s e  de t e rmina t ion  of t h re sho ld  w i l l  
be g iven  i n  t h e  f i n a l  r epor t .  It i s  a l s o  seen  t h a t  t h e  exper imenta l  p o i n t s  
f a l l  above t h e  t h e o r e t i c a l  curve. It i s  f e l t  t h a t  t h i s  i s  due t o  t h e  s h o r t  
t i m e  n o i s e  samples employed t o  keep computing c o s t s  low. D i f f e r e n t  program- 
ming techniques  are be ing  inves t iga t ed  which, i t  i s  be l i eved ,  w i l l  use  a 
l a r g e r  n o i s e  sample a t  a minimal i n c r e a s e  i n  computer t i m e  and hence r e p r e s e n t  
a m o r e  t y p i c a l  n o i s e  sample. 
References  
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4. 
11. Threshold Extension Devices 
A. The Phase Locked Loop 
I n  t h e  p a s t  s e v e r a l  years  many s o l u t i o n s  t o  the  phase locked 
loop have been presented.  Most of t h e s e  s o l u t i o n s  have r equ i r ed  approximations 
which s e v e r e l y  l i m i t e d  t h e i r  usefulness .  
PLL w a s  a t tempted a t  t h e  Polytechnic  I n s t i t u t e  of Brooklyn. However, t o  i n s u r e  
accuracy,  100 s p i k e s  had t o  be counted a t  each CNR. This  r equ i r ed  t h e  d u r a t i o n  
of each computer run  t o  be excessive.  
A d i g i t a l  computer s o l u t f o n  t o  t h e  
1. A S o l u t i o n  Using the  Spike Approach 
A method f o r  solving t h e  PLL equa t ion  which does n o t  r e q u i r e  
l eng thy  running t i m e  o r  complex computer ope ra t ions  has  been developed. 
t echn ique  i s  based on Rice's  spike a n a l y s i s  f o r  t h e  FM d i s c r i m i n a t o r .  
t h i s  procedure t h e  locus of t h e  input  n o i s e  which r e s u l t s  i n  a PLL sp ike  i s  
determined. I n t e g r a t i n g  over t h i s  locus r e s u l t s  i n  t h e  expected number of 
s p i k e s  occur r ing  p e r  second. 
The 
I n  
The r e s u l t s  obtained are i l l u s t r a t e d  f o r  t h e  f i r s t  o rde r  PLL 
w i t h  a loop bandwidth of u n i t y :  
yo 
A i + s i n  0 = + cos 8 + s i n  8 
The locus of p o s i t i v e  and negat ive s p i k e  r e g i o n s  are shown i n  Fig. 1. Note 
t h a t  t h e  area i n  t h e  whole f i r s t  quadrant r e p r e s e n t s  t h e  r e g i o n  of nega t ive  
s p i k e s  f o r  t h e  d i s c r i m i n a t o r ,  while t h e  area above t h e  PLL locus r e p r e s e n t s  
t h e  PLL s p i k e  region.  Thus, t h e  technique i l l u s t r a t e d  by Fig. 1 can  be used 
t o  compare d i f f e r e n t  systems and t o  determine th re sho ld .  
An approximate expression f o r  t h e  s p i k e s  p r e s e n t  i n  t h e  PLL i s  
T h i s  r e s u l t  w a s  obtained by i n t e g r a t i n g  over t h e  area i n  Fig.  1. 
are shown i n  Fig. 2. 
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5 .  
T h i s  work i s  being cont inued and w i l l  be expanded t o  cons ider  
t h e  FMFB, h ighe r  order  PLL systems, modulation and op t imiza t ion  of f i l t e r  and 
phase d e t e c t o r .  A more comprehensive d i s c u s s i o n  of t h e s e  r e s u l t s  w i l l  be 
presented  i n  t h e  f i n a l  r e p o r t ,  
2. So lu t ions  of the  Fokker-Planck Equat ion 
Numerical s o l u t i o n s  have been obta ined  f o r  t h e  p r o b a b i l i s t i c  
behavior  of a phase locked loop i n  t h e  presence of no i se .  The normalized 
Fokker-Planck equa t ion  i s  
where 
B, = - =  loop bandwidth (sec" ) 
- SNR i n  bandwidth of loop (dimensionless)  o( = - -  A2 
NoBL 
i4l-i.d 6 ='A = f r a c t i o n a l  f requency r a t i o  ( r ad )  
BL 
- -  - 4 B L t  = dimensionless  t i m e  
p ( $ , t )  = c o n d i t i o n a l  p.d.f. of phase t r a n s i t i o n  i n  
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B. The Frequency Locked Loop (1) 
The Frequency Locked Loop i s  c u r r e n t l y  being used i n  t h e  r e c e p t i o n  of 
both ana log  and d i g i t a l  FM s i g n a i s  t h a t  have been t r ansmi t t ed  v i a  t h e  PIB water 
t ank  s imula to r .  
It has been found experimental ly  t h a t  t h e  normal e f f e c t  of mul t ipa th  
( i n  t h e  channel  s imula to r )  upon an FM wave i s  t o  produce " c l i c k - l i k e "  d i s t u r b -  
ances  only when t h e  n e t  r ece ived  s i g n a l  i s  very low. Hence, mu l t ipa th  produced 
"c l i cks"  and low envelope amplitudes tend t o  occur s imultaneously.  
t h i s  i s  e x a c t l y  t h e  optimum s i t u a t i o n  as f a r  as c l i c k  removal o r  r e d u c t i o n ,  by 
a Frequency Locked Loop type of c i r c u i t .  It i s  hoped t h a t  t h i s  c i r c u i t  w i l l  
prove u s e f u l  i n  extending th re sho lds  i n  systems o p e r a t i n g  v i a  f ad ing  channels.  
D e t a i l e d  work i s  proceeding i n  t h i s  area. F igu re  6 shows a baseband loop wi th  
a b u i l t  i n  wideband AM d e t e c t o r  useable  up t o  1OMHz. F igu re  7 shows a "frozen 
mul t ipa th"  c l i c k  d i s t u r b a n c e  and simultaneous amplitude r e d u c t i o n  occurrence.  
F igu re  8 shows dynamic mul t ipa th  FM c l i c k s  produced by t r a n s m i t t i n g  6 = 12.5, 
f = 2 KHz, f = 3.9MHz, FM v i a  the  s c a t t e r e r .  
However, 
m 0 
1. K. K. Clarke and D. T. Hess, "The Frequency Locked Loop FM Demodulator'' 
IEEE Transac t ions  on Communication Technology, August 1967. 
1 1 . 6  
locked loop. 




1 1 . 7  Demodulated sine 
wave and envelope amplitude 
for  F M  via a "frozen" multi-  
path situation. 2kHz modu- 
lation, P= 12.5, 0.5v/ cm 




11.8 Demodulated sine 
wave [multiple exposurq  for 
an  F M  signal via a fading chan- 
nel. P= 12.5, 2kHz modulating 
signal. 0 .  5 rpm rotation of the 






















C. Mul t ip l e  Threshold Spike De tec t ion  and E l imina t ion  System 
f o r  Analog FM S i g n a l s  
In  t h i s  s tudy Sch i l l i ng ' s ' ' )  work on sp ike  d e t e c t i o n  i n  an FSK system 
has been extended t o  t h e  case of spike d e t e c t i o n  i n  an analog FM system. Using 
a computer s imula t ion  of an FM d i s c r i m i n a t o r ,  s i n u s o i d a l  modulation ( , . I =  5) and 
a d d i t i v e  gauss i an  n o i s e ,  sp ikes  have been d e t e c t e d  and e l imina ted  us ing  the  
p r o p e r t i e s  of sp ikes  desc r ibed  6y Rice (2) . 
The system employed i s  shown i n  Fig.  9 .  The Decision c i r c u i t  dec ides  
whether o r  n o t  a s p i k e  i s  p resen t .  It b a s i s  t h i s  d e c i s i o n  on t h e  obse rva t ion  
of t h e  phase of t h e  s i g n a l  and noise.  The c i r c u i t  determines when t h i s  phase 
exceeds an e s t i m a t e  of t h e  s i g n a l  by approximately r r a d i a n s .  
d e t e c t e d ,  a narrow pu l se  of area 2r 
i s  i n s e r t e d  t o  c a n c e l  t h e  s p i k e  (by c r e a t i n g  a doub le t ) .  
When a sp ike  i s  
and p o l a r i t y  oppos i t e  t h a t  of t h e  sp ike  
A t  t h i s  t i m e  we have been a b l e  t o  e l i m i n a t e  24 of t h e  42 sp ikes  
p r e s e n t  i n  t h e  computer s imulat ion.  This  r e p r e s e n t s  a th re sho ld  improvement of 
approximately 2db. 
This  s tudy i s  con t inu ing  and a non-computerized experimental  model 
i s  being cons t ruc t ed .  
References : 
1. D. L. S c h i l l i n g ,  E. Nelson, and E. Hoffman, "Error Rates f o r  D i g i t a l  
S igna l s  Demodulated by an FM Discr iminator"  
IEEE Transac t ions ,  ComTech, August 1967. 
2. S. 0. Rice, "Noise i n  FM Receivers" 
Chapter 25 of T i m e  S e r i e s  Ana lys i s ,  e d i t e d  by Rosenb la t t ,  Wiley, 1963. 
8. 
111. D e t e c t i o n  of S i g n a l s  i n  Noise Using Recursive Techniques 
The problem of d e t e c t i n g  1 of M known s i g n a l s  i n  non-white Gaussian no i se  
has  been completely reformulated and solved us ing  s ta te  v a r i a b l e  methods''). 
d i f f e r e n c e  equa t ion  i s  de r ived  f o r  t h e  optimal t e s t  s t a t i s t i c .  The t e r m s  i n  t h e  
d i f f e r e n c e  equa t ion  a r e  given d i r e c t l y  i n  t e r m s  of t h e  d e s c r i p t i o n  of t h e  noise .  
These r e s u l t s  being i n  r e c u r s i v e  form, s i g n i f i c a n t l y  reduces t h e  computational 
e f f o r t  € o r  d e t e c t i n g  s i g n a l s  from d i s c r e t e  samples .  For example, t h e  h i g h e s t  
o r d e r  ma t r ix  i n v e r s i o n  necessary depends only on t h e  number of po le s  i n  t h e  
f i l t e r  from which t h e  n o i s e  i s  generated and no t  on t h e  number of samples  t h a t  
are used. Furthermore,  t h e  memory requirements  are independent of t h e  number 
of samples since t h e  s i n g l e ,  mos t  r e c e n t l y  c a l c u l a t e d  tes t  s t a t i s t i c  c o n t a i n s  
a l l  t h e  necessa ry  information about a l l  t h e  previous d a t a .  
A 
I n  t h e  analog processing of s i g n a l s ,  an e x p l i c i t  exp res s ion  i s  de r ived  
without  any need t o  s o l v e  i n t e g r a l  equa t ions .  The s i g n a l - t o - n o i s e  r a t i o  i s  
c a l c u l a t e d  e x p l i c i t l y  f o r  both s t a t i o n a r y  and non- s t a t iona ry  noise .  Thus, i t  
i s  now p o s s i b l e  t o  c a l c u l a t e  t h e  p r o b a b i l i t y  of e r r o r  d i r e c t l y  f o r  any n o i s e  
and a l s o  t o  use  t h e  r e s u l t s  t o  observe t h e  e f f e c t s  of d e v i a t i o n s  from t h e  
assumed f i l t e r  c h a r a c t e r i s t i c s .  Examples have been worltedat and w i l l  b e  
p re sen ted  i n  t h e  f i n a l  r e p o r t .  
Reference : 
1. R. L. P i c k h o l t z  and R. R. Boorstyn - "A Recursive Approach t o  
S i g n a l  De t e c  t ion" 
Paper accepted f o r  Information Theory Symposium, Athens, Greece, 
1967. 
9 .  
I V .  PIB Water Tank Channel Simulator 
The b a s i c  advance t h a t  has been made with t h e  channel s imula to r  during 
t h i s  r e p o r t i n g  per iod i s  a change i n  t h e  r e f l e c t i n g  medium. 
i t  has been found t o  be advantageous t o  r e p l a c e  t h e  "air bubble cloud" with a 
p a t t e r n  of r e f l e c t o r s  t h a t  i s  r o t a t e d  a t  a p a r t i c u l a r  speed. 
For most purposes 
Figure 1 shows t h e  b a s i c  conf igu ra t ion .  
i n  p o s i t i o n  f o r  p o s s i b l e  d i v e r s i t y  r ecep t ion .  
keyed s h a f t  d r i v e n  by a multi-speed motor. 
may be d r i v e n  a t  speeds of 20 rpm, 10 rpm, 5 rpm, e t c . ,  down t o  (1/25.4) rpm. 
Since t h e  p a t t e r n  of t h e  a r r a y  determines t h e  type and d u r a t i o n  of t h e  mul t ipa th  
while  t h e  speed determines t h e  "fading r a t e "  one has  completely sepa ra t ed  t h e  
f ad ing  r a t e  and p r o b a b i l i t y  d e n s i t y  s p e c i f i c a t i o n s .  
v a r i a t i o n  of f ad ing  rate wi th  speed of r o t a t i o n .  
Two r e c e i v i n g  antennas are shown 
A s c a t t e r i n g  set i s  mounted on a 
Thus a given combination of s c a t t e r e r s  
F igu res  2-4 i n d i c a t e  
F igu res  5-7 show several sets of scatterers and t h e  motor and d r i v e  u n i t .  
They a l s o  i n d i c a t e  a r e p r e s e n t a t i v e  envelope v a r i a t i o n  f o r  t h e  p a r t i c u l a r  
a r r a y s .  
Figure 8 i n d i c a t e s  p r o b a b i l i t y  d e n s i t y  measurements f o r  a channel a t  
two d i f f e r e n t  speeds i n d i c a t i n g  t h e  independence of speed and p r o b a b i l i t y  
d e n s i t y .  
Figure 9 shows p u l s e  d i s p e r s i o n  r e s u l t s  f o r  a 4 , q  s e c  p u l s e  t r a n s m i t t e d  
v i a  t h e  a r r a y  of Fig.  5. Figure 1Oc shows d i v e r s i t y  r e c e p t i o n  of a s i n g l e  
p u l s e  t r a n s m i t t e d  t o  two antennas sepa ra t ed  by more than  100 i\ . 
I n  a d d i t i o n  t o  t h e  f l e x i b i l i t y  allowed by t h e  independence of f ad ing  rate 
and t h e  type  of f ad ing  one has  t h e  f u r t h e r  g r e a t  advantage t h a t  t h e  channel may 
be "frozen" i n  any p a r t i c u l a r  mult ipath s i t u a t i o n .  For example, i n  FM s t u d i e s  
one may "stop" t h e  channel  i n  a p o s i t i o n  such t h a t  " c l i ck"  producing mul t ipa th  
i s  occur r ing  so  t h a t  t h e  phenomena may be examined on e s s e n t i a l l y  a "S ta t i c "  
b a s i s  i n s t e a d  of on t h e  normal random occurrence b a s i s .  
S t u d i e s  t h a t  are c u r r e n t l y  underway u t i l i z e  t h e  channel s imula to r  t o  
s tudy t h e  t r ansmiss ion  of binary and analog FM s i g n a l s ,  and of t h e  t r ansmiss ion ,  
r e c e p t i o n  and e r r o r  examination of d i g i t a l  d i v e r s i t y  systems f o r  both AM and 
FSK. Other p r o j e c t s  t h a t  are i n  t h e  a c t i v e  planning s t a g e  are considered under 
"New P r o j e c t s  . 
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V. Synchronizat ion Problems ( 1 - 9 )  
This  s e c t i o n  i s  more e l a b o r a t e  than t h e  o t h e r  s e c t i o n s  as it  includes a 
s h o r t  r e p o r t  on PSK synchronizat ion techniques.  
Advantage of PSK 
Binary p h a s e - s h i f t  keyed (PSK) communication systems have received much 
a t t e n t i o n  because t h e i r  " an t i co r re l a t ed"  s i g n a l  waveforms y i e l d  a 3db power 
sav ing  over comparable orthogonal systems. The optimum PSK demodulator (Fig.1) 
u s e s  a r e f e r e n c e  s i g n a l  with pe r fec t  phase coherence; such a r e f e r e n c e  i s  unava i l -  
a b l e  i n  p r a c t i c a l  systems due t o  o s c i l l a t o r  phase j i t t e r ,  dopp le r ,  random v a r i a -  
t i o n  of channel  propagat ion de lay ,  e t c .  Often, however, s u b s t i t u t i o n  of a noisy 
or imperfect  r e f e r e n c e  s i g n a l  obtained by some phase e s t i m a t i o n  technique w i l l  
y i e l d  a p r o b a b i l i t y  of e r r o r  P(E) very near  t b a t  of t h e  i d e a l  system. 
Prac t i c a l  Systems 
W e  have shown t h a t  t h e  d e t e c t o r  of Fig.1 remains optimum (minimum P(E) )  
iinder t h e  fol lowing very g e n e r a l  cond i t ions  on t h e  p r o b a b i l i t y  d e n s i t y  of t h e  
phase e r r o r  # = 8 - 8 4 (assumed t o  be c o n s t a n t  du r ing  each band). 
The re fo re ,  t h e  emphasis i n  the.  study of PSK systems i s  placed on secu r ing  "good" 
estimates of t h e  phase 8 and eva lua t ing  t h e  performance of t h e  PSK d e t e c t o r  
(Fig. 1) us ing  t h e s e  estimates. 
The PSK systems of i n t e r e s t  f a l l  i n t o  two c a t e g o r i e s :  s i n g l e  channel,  
and t r a n s m i t t e d  r e fe rence .  The s i n g l e  channel systems d e r i v e  t h e i r  phase 
estimate d i r e c t l y  from t h e  keyed PSK s i g n a l ,  while t h e  t r a n s m i t t e d  r e f e r e n c e  
systems estimate t h e  phase from a r e fe rence  s i g n a l  t r a n s m i t t e d  s e p a r a t e l y  from 
t h e  keyed s i g n a l .  
The fol lowing are popular s ing le  channel systems (Figs.2-5): 
1) D i f f e r e n t i a l  PSK (D-PSK) 
2) Decis ion Directed Measurement PSK (DDM-PSK) 
3) Harmonic Tracking (Squaring) PSK (HY-PSK) 
4 )  Costas  Synchrolink PSK (CS-PSK) 
11. 
The major advantage of t hese  systems i s  t h a t  t he  e n t i r e  t r a n s m i t t e r  power i s  
used f o r  both information t ransmission and synchronizat ion.  
advantage i s  mark-space ambiguity; i.e., t h e  demodulator i s  s e n s i t i v e  only t o  
phase d i f f e r e n c e s  and no t  t o  abso lu t e  phases. Consequently, t h e  der ived 
r e f e r e n c e  s i g n a l  can be out  of phase by 7 r a d i a n s ,  which r e s u l t s  i n  a r e v e r s a l  
of t h e  ou tpu t  d a t a  stream and a P ( E )  near 1 .  
solved by d i f f e r e n t i a l  d a t a  encoding, but i f  t he  phase r e v e r s a l  occurs a t  a 
s i g n i f i c a n t  r a t e  with r e s p e c t  t o  the d a t a  ra te  t h e  deg rada t ion  i n  P(E) becomes 
apprec i ab le .  
Their  common d i s -  
I n  some c a s e s  t h i s  problem can be 
Two popular t r a n s m i t t e d  r e fe rence  systems are (Figs .6 ,7) :  
1) Adjacent Tone PSK (AT-PSK) 
2)  Quadrature Reference PSK (QR-PSK) 
These systems are t h e o r e t i c a l l y  equ iva len t ,  but  QR-PSK i s  immune t o  many of t he  
p r a c t i c a l  problems which b e s e t  AT-PSK. AT-PSK and QR-PSK do n o t  s u f f e r  from 
mark-space ambiguity,  but  they do have t h e  disadvantage t h a t  a c e r t a i n  f r a c t i o n  
of t h e  t o t a l  t r a n s m i t t e r  power must be reserved f o r  t r ansmiss ion  of t he  r e fe rence  
s i g n a l  only,  reducing t h e  power a v a i l a b l e  f o r  t h e  information-bearing s i g n a l .  
Also,  t h e  optimum power s p l i t  between t h e  r e f e r e n c e  and keyed s i g n a l s  depends 
on t h e  received s igna l - to -no i se  r a t i o  (SNR) and o t h e r  parameters which are 
g e n e r a l l y  unknown a t  t h e  t r a n s m i t t e r .  The o p e r a t i o n a l  d e t a i l s  of t h e  systems 
mentioned above are descr ibed i n  t h e  r e fe rences .  
Comparison of Previous Analyses 
Two b a s i c a l l y  d i f f e r e n t  approaches, which w e  s h a l l  c a l l  t h e  i d e a l  and 
t h e  p r a c t i c a l ,  have been used t o  analyze t h e  PSK problem. I n  t h e  i d e a l  approach, 
one proposes some c r i t e r i o n  of op t ima l i ty  f o r  t h e  ang le  e s t i m a t e  (e.g. maximum 
l i k e l i h o o d  or  least  mean square e r r o r )  and proceeds t o  d e r i v e  t h e  system con- 
f i g u r a t i o n  and o b t a i n  i t s  performance. Although t h e s e  i d e a l  systems are o f t e n  
d i f f i c u l t  or impossible t o  implement, t h e i r  performance may be used t o  ra te  
t h e  performance of sub-optimum demodulators. I n  t h e  p r a c t i c a l  approach one 
chooses a system c o n f i g u r a t i o n  which i s  known t o  
performance (e.g. , t he  phase locked loop (PLL)), analyzes  i t s  ope ra t ion  and 
opt imizes  t h e  r e l e v a n t  parameters. Even i n  t h e  prac t ica l  approach, many 
be  r e a l i z e a b l e  and have good 
12.  
assumptions and i d e a l i z a t i o n s  are  made. 
c o n s t a n t  over q bauds, or  t h e  systems a r e  l i n e a r i z e d ,  or an approximate prob- 
a b i l i t y  d e n s i t y  i s  used f o r  t h e  phase e r r o r ,  and the  cyc le - s l ipp ing  phenomenon 
of t h e  PLL i s  ignored. 
The phase i s  assumed t o  be approximately 
F igu res  8 and 9 compare the r e s u l t s  of va r ious  authors .  
f o r  i npu t  SNR's of E/No = 5db and 10db. 
9 
P(E)  i s  p l o t t e d  
O p t i m u m  power as a f u n c t i o n  of q 
s p l i t  i s  assumed f o r  t r ansmi t t ed  r e f e r e n c e  systems. BLT = - 1 has been chosen 
( r a t h e r  a r b i t r a r i l y )  as t h e  b a s i s  of comparison of t he  i d e a l  and practical  
systems (B = PLL n o i s e  bandwidth). L 
Because of t h e  va r i ed  assumptions made by the  au tho r s  i n  t h e i r  c a l c u l a t i o n s ,  
t h e  comparisons are no t  exac t .  
t o  t h e i r  p r a c t i c a l  c o u n t e r p a r t s ,  Also,  s ing le  channel sys t ems  a r e  c o n s i s t e n t l y  
s u p e r i o r  t o  t r a n s m i t t e d  r e fe rence  systems. 
g u i t y  problem, however, casts s e r i o u s  doubt on t h i s  l as t  r e s u l t .  
They do indLcate t h a t  t h e  i d e a l  systems are s u p e r i o r  
The omission of t h e  mark-space ambi- 
A More Real is t ic  and R e l i a b l e  Analysis 
Corresponding I d e a l  and P r a c t i c a l  Systems: In  o rde r  t o  provide a r e l i a b l e  
estimate of t h e  deg rada t ion  experienced by a p r a c t i c a l  system, corresponding 
i d e a l  and p r a c t i c a l  systems of var ious types are being s tud ied  with similar 
s i m p l i f y i n g  assumptions. The value of PLL's i n  t hese  systems w i l l  be evaluated 
by cons ide r ing  t h e  a d d i t i o n a l  performance degrada t ion  occur r ing  when s i m p l e  
bandpass f i l t e r s  (perhaps followed by l i m i t e r s )  a r e  s u b s t i t u t e d .  
E f f e c t  of Phase V a r i a t i o n s :  Optimum e s t i m a t o r s  f o r  t ime-varying phase 
a n g l e s  w i l l  be de r ived  i n  order  t o  f i n d  t h e  b e s t  weighting c o e f f i c i e n t s  f o r  
previous bauds and an equ iva len t  q f o r  t h e s e  more r e a l i s t i c  cases .  A max- 
imum l i k e l i h o o d  e s t i m a t o r  f o r  phase i n  t e r m s  of two ad jacen t  bauds wi th  
c o r r e l a t e d  bu t  unequal phases has been de r ived  and i s  shown i n  Fig.10. The 
performance of t h i s  and c e r t a i n  sub-optimum e s t i m a t o r s  which i t  suggests  i s  
being eva lua ted  us ing  Monte Carlo methods on a d i g i t a l  computer. The phase 
ang le  model i s  being modified s o  t h a t  t h e  a n a l y s i s  can be extended t o  n bauds, 
and s o  t h a t  t h e  optimum e s t i m a t o r  can be synthesized as an open-loop system. 
13. 
Reference S igna l  Reversal :  Analyses t o  d a t e  have neglected t h e  mark-space 
ambiguity problem i n  s i n g l e  channel PSK sys t ems .  The problem i s  important i n  
space a p p l i c a t i o n s ,  where t h e  received SNR's are s m a l l  and the  b i t  r a t e s  a r e  
ve ry  low. It i s  clear t h a t  f o r  very low b i t  r a t e s  t h e  phase cannot be considered 
c o n s t a n t  even over one baud, and t h e  behavior of t he  PLL with time i s  important.  
The q u a s i - l i n e a r  and "cl ick" c h a r a c t e r i s t i c s  of t h e  PLL w i l l  be s tud ied  sep- 
a r a t e l y ,  and t h e i r  e f f e c t  on P(E) assessed.  
System Comparison and Development: The va r ious  systems are being analyzed 
under similar assumptions,  leading t o  a clearer comparison between systems. A 
pre l imina ry  i n v e s t i g a t i o n  shows t h a t  HT-PSK and CS-PSK g ive  e q u i v a l e n t  r e s u l t s  
a t  high SNR; t h i s  i n v e s t i g a t i o n  i s  being pursued f u r t h e r .  VanTrees has 
examined a hybrid system employing both AT-PSK and HT-PSK, and has found t h a t  
HT-PSK a lone  should be used t o  minimize P(E). H e  neglected t h e  c y c l e - s l i p p i n g  
of t h e  PLL. It i s  expected t h a t  i n  many c a s e s  of i n t e r e s t  f o r  space com- 
munications t h e  c y c l e - s l i p p i n g  problem cannot be ignored, and t h a t  when it i s  
considered a d i f f e r e n t  conclusion w i l l  be reached,  and a hybrid system found 
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New P r o j e c t s  
15. 
1. Research w i l l  cont inue t o  determine t h e  th re sho ld  ex tens ion  c a p a b i l i t y  
of t h e  Maximum Likelihood E s t i m a t o r  and the  Least Mean Square (Bayes) Estimator. 
R e a l i z e a b l e  forms of t h e s e  e s t i m a t o r s  w i l l  be cons t ruc t ed  and t e s t e d  t o  determine 
the  t h r e s h o l d  ex tens ion  poss ib l e .  
2. The th re sho ld  of t h e  PLL w i l l  be determined f o r  t he  f i r s t ,  second and 
h i g h e r  o rde r  systems. The optimum f i l t e r  and phase d e t e c t o r  w i l l  be found. 
The c h a r a c t e r i s t i c s  of t h e  FMFB w i l l  be determined. During t h e  next  yea r  t h e  
phase locked loop problem w i l l  be  completely solved. 
Spike Detect ion and c o r r e c t i o n  systems w i l l  be cons t ruc t ed  and t e s t e d .  
These schemes are capable  of extend5ng t h e  PLL th re sho ld  s e v e r a l  db. 
3 .  Synchronizat ion techniques w i l l  include t h e  e f f e c t  of c y c l e  s l i p p i n g  on 
t h e  e r r o r  ra te  of a t r ansmi t t ed  PSK s i g n a l .  'In a d d i t i o n ,  t h e  phase v a r i a t i o n  
d u r i n g  a bzud w i l l  be considered.  Th i s  i s  a very important problem s i n c e  i n  
deep space communications t h e  b i t  r a t e  i s  extremely s low and phase j i t t e r  
occurs  w i t h i n  a b i t .  
4. The channel s imula to r  w i l l  be used t o  t e s t  s e v e r a l  r e c e i v i n g  systems. 
T e l e v i s i o n  t r ansmi t t ed  us ing  FM w i l l  be s tud ied  i n  d e t a i l .  
(a) A 100 l i n e  f l y i n g  spo t  scanner i s  being completed so t h a t  very s h o r t l y  
a 20 KHz video system w i l l  be a v a i l a b l e  f o r  t r ansmiss ion  v i a  t h e  channel s i m -  
u l a t o r .  I n i t i a l l y  t h i s  t ransmission w i l l  be v i a  FM. The u s e  of t h e  frequency 
locked loop(') as d e t e c t o r  f o r  such s i g n a l s  w i l l  be examined. 
t h a t  t h i s  c i r c u i t ' s  "spike" reduct ion p r o p e r t i e s  w i l l  prove va luab le  i n  ex- 
t end ing  t h e  u s e f u l  t h re sho ld  f o r  the t ransmission of video v i a  f ad ing  channels.  
(b) 
200 KHz random scan TV system(2) v i a  t h e  channel s imulator .  
FLL as a d e t e c t o r  w i l l  be compared wi th  o t h e r  more convent ional  r e c e p t i o n  methods. 
It i s  be l i eved  
Arrangements a r e  i n  progress t o  a l low the  t r ansmiss ion  of Prof.  Deutsch 's  
Again t h e  use of t h e  
(c ) 
m i t t e d  v i a  t h e  convent ional  r a s t e r  from (a) and t h e  random scan r a s t e r  of (b) 
w i l l  be i n v e s t i g a t e d  experimentally.  
The d i f f e r e n c e  between the e f f e c t s  of a f ad ing  channel upon video t r a n s -  
16. 
(d 1 
cons t ruc t ed .  When i t  i s  completed both RF and baseband ve r s ions  w i l l  be run 
i n  p a r a l l e l  and an a t t e m p t  made t o  determine the p r a c t i c a l  advantages of each. 
( T h e o r e t i c a l l y  t h e i r  performance should be i d e n t i c a l ) .  
A 4 MHz RF ve r s ion  of the frequency locked loop i s  being designed and 
(e) A baseband v e r s i o n  of t he  frequency locked loop with binary r a t h e r  than 
analog m u l t i p l i c a t i o n  of t h e  a ( t )  s i g n a l  i s  under cons t ruc t ion .  It a p p e a r s  
i n t u i t i v e l y  t h a t  t h i s  b ina ry  vers ion may o f f e r  some ga in  i n  e r r o r  r educ t ion  i n  
c e r t a i n  r anges  of i npu t  C / N  r a t i o s .  
5. A s tudy i s  i n  progress  t o  determine t h e  analog th re sho ld  e f f e c t s  i n  
Pulse  Code Modulation systems. The e f f e c t s  of b ina ry  or M-ary d e c i s i o n  e r r o r s  on 
t h e  mean square e r r o r  of t h e  demodulated s i g n a l s  h a s  been determined f o r  t h e  
a d d i t i v e  gauss i an  n o i s e  channel and i s  being i n v e s t i g a t e d  f o r  an FM channel. 
An a n a l o g - d i g i t a l  conve r t e r  i s  being cons t ruc t ed  with i n t e g r a t e d  c i r c u i t r y  t o  
accommodate 20KHz analog s i g n a l s  with 5 b i t  PCM. This  encoder w i l l  be used 
t o  expe r imen ta l ly  confirm the  t h e o r e t i c a l  r e s u l t s .  The p o s s i b i l i t i e s  of 
t h r e s h o l d  ex tens ion  f o r  demodulation w i l l  be explored t o g e t h e r  with the  poten- 
t i a l i t i e s  of a feedback channel for  improving t h e  o v e r a l l  performance. Work 
i n  both areas are i n  progress .  
6. The e f f e c t s  of random FMmultipath on t h e  d i s t o r t i o n  of s i g n a l s  is  
being s tud ied .  Experimental work is  i n  progress .  
(1) 
IEEE Transac t ions  on Communications Technology, August 1967 - An e a r l y  ve r s ion  
of t h i s  paper i s  included as s e c t i o n  I11 B of t h e  f i n a l  r e p o r t ,  15 September 
1965 - 15 September 1966 prepared f o r  NASA, ERC, under NASA Grant NGR 33-006-020. 
K. K. Clarke and D. T. Hess, "The Frequency Locked Loop FM Demodulator" 
(2) Sid Deutsch, "Pseudo-Random Dot Scan Te lev i s ion  Systems" - IEEE Trans- 
a c t i o n s  on Broadcasting, Vol. BC 11, J u l y  1965, pp. 11-21. 
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